The chemical composition of the waste from mamey sapote (Pouteria sapota) and its oil extracted from the seed (MSSO) of ripe and unripe fruits, was studied. The MSSO from ripe fruits was dry-fractionated, and the thermal and phase behaviors of its fractions and their mixtures with other known natural fats were analyzed. The main components of the mamey peel and the seed were crude fiber (81.32%) and fat (44.41% db), respectively. The seed oil contained oleic, stearic, palmitic and linoleic as its main fatty acids. The MSSO showed a simple thermal behavior with a broad fusion range and four maximum temperature peaks. The solid fractions showed maximum melting peaks at higher temperatures than the residual liquid. The MSSO solid fractions showed a potential for use as constituents in mixtures with other natural fats, such as cocoa butter or mango seed fat.
INTRODUCTION
The effects of predominating exogenous cultural patterns promoted by the globalization of the world economy have often discouraged, in local contexts, the cultivation, use and consumption of indigenous plant species in detriment of the natural biodiversity. The case of P. sapota can exemplify the great potential of many various species from Mesoamerica to support its current and future populations (Solís-Fuentes and Durán-deBazúa, 2002) .
The extensive family Sapotaceae is divided into five tribes with 53 genera and about 1250 species distributed worldwide, mainly in the tropical and subtropical regions of Asia and Mesoamerica. The Pouteria genus comprises 325 species (Triono et al., 2007) . Many of them produce quality wood and edible fruits of high economic value; in addition, several of these species have been used in traditional medicine for various purposes (Silva et al., 2009) .
Mamey sapote (tzapotl: fruit with bone and mama: hands, in Nahuatl language; Simeon, 2002; Nava-Cruz and Ricker, 2004 ) is, in Mexico and some parts of Central America, one of the vernacular names given to the fruit of P. sapota (Jacq.) H.E. Moore & Stearn. It is an endemic plant growing in the warm climates of Mesoamerica, currently located, also, in some regions of North America, Asia and Africa.
The mamey sapote is a rounded, oval or elliptical fruit from 7.5 to 22.8 cm long and weighing between 0.227 and 2.3 kg, with a rough and firm peel that resembles dark brown leather or bark. The fruit pulp has a sweet flavor like pumpkin and a color from salmon-pink to dark red. It has a long stone which is spindle-shaped, hard and bright brown. The kernel or seed is oily, bitter and with a characteristic odor like almonds (Morera, 1994) . The edible part of mamey its pulp is mainly consumed fresh, but is also used for making jam, ice cream, sauces and other regional food products.
The mamey fruit is highly prized for its flavor and its acceptance is growing on the world market. However, there are few scientific reports on the chemical composition, physical properties and nutritional characteristics of its edible portion. There is limited knowledge too, of other parts of the fruit and the plant, despite its use and importance in some Mesoamerican indigenous cultures. It is known, for example, that in some towns, people still cook the seeds in water and then roast and mix them with cocoa for preparing chocolate. In Central America, the almonds are finely milled for making special confectionaries. The kernel or almond of this seed has served as a source of perfume essences. Traditional medicine recognizes that it has beneficial effects on coronary, rheumatic and kidney problems. The mamey seed oil has been used in the artisanal manufacturing of soap, ointments for the skin, hair conditioners and as sedative products for disorders of the eyes and ears (Morton, 1987; Morera, 1994) .
In general, it is known that the seeds of the fruits, because of their biological functions, are rich in nutrients and are a source of vegetable fats, starches, proteins, and many compounds which are useful as raw or supplementary materials for elaborating other products in the food, pharmaceutical and cosmetics industries. The high oil content of the seed of the mamey sapote (>40% db) has motivated some research designed to understand the oil extraction process, its chemical composition, physicochemical characteristics, and some other studies regarding its potential applications.
Oil extraction through the mechanical expression of the mamey seed was studied by Cravotto et al., (2011) . They found that it is possible to obtain a high quality oil, free of contaminants and solvent residues, with a yield of up to 18% of the dry mass of the seed. Alvarez-Reyes et al., (2001) and Solis-Fuentes et al., (2001) studied the process of mass transfer during the extraction of seed oil with organic solvents and found that the process was affected by the particle size, the extraction time and the relationship of seed mass/solvent volume. Under certain conditions, it was possible to extract practically all of the oil contained in the sapote almonds. The apparent diffusivity coefficient of the oil from the unbroken seed cells was 6.9 × 10 −13 at 25 °C, a value whose magnitude is similar to that reported in the literature for other oilseeds, like peanuts and soybeans (Krasuk et al., 1967) . Laiz-Saldaña et al. (2009) , showed the possibility of using mamey seed oil for biodiesel production, highlighting a favorable outlook from economic and technical points of view, since the mamey seed is still a residue. Nonetheless it has high oil content with a predominantly non-saturated fatty acids.
Today mamey oil is being reassessed beyond artisanal applications and has been analyzed in greater detail, for example, it is acquiring an interesting position as a source of triterpene alcohols, whose properties are interesting for applications in cosmetics (it is commonly considered to be effective in skin care and its healing, to improve tolerance to UV radiation, etc.) and pharmacology (anti-inflammatory capacities, erythema and sunburn treatments, etc.) (Parodi Nutra, 2013; De la Llata-Romero, 2013) .
One aspect, sparsely addressed, is the potential use of this oil in the food sector where, because of its characteristics, it could be an interesting source of vegetable fats with specific phase properties, obtained by means of oil fractionation or oil mixing processes (Timms, 1985 (Timms, , 2005 (Timms, , 2006 . This issue is important in the ongoing efforts to replace fats that currently are produced through industrial processing with the partial hydrogenation of oils; this results in fats with high contents of trans fatty acids, compounds with serious objections from nutritional and public health points of view (Precht and Molkentin, 1995; Khosla and Sundram, 1996; Tarrago-Trani et al., 2006) .
The fractionation of vegetable oils is a process that, in recent decades, has been strongly revalued due to the fact that it can produce vegetable fats from oils without severe thermal treatments, thus achieving more natural and healthy products (Tarrago-Trani et al., 2006) . The dry fractionation of vegetable oils has significant advantages from an economic and environmental protection perspective compared to the wet fractionation of oils with organic solvents (Timms, 2006) . This paper summarizes some results of an investigation concerning the fruit of mamey sapote, mainly of its traditionally non-food waste portions, in order to further their comprehensive utilization through greater knowledge of their characteristics and potentiality as a source of raw materials. The aim of this study was to estimate the possibility of obtaining oils from residues of mamey sapote in its mature and immature states, to study the composition of the oil extracted and purified from the seed and to carry out the dry fractionation of the oil in order to establish its thermal and phase behavior, of great importance for comprehending its potential uses.
MATERIALS AND METHODS

Sampling and percentage estimate for each component of the fruit
Immature and mature fruits of P. sapota were randomly collected from the producing region located in the municipality of Emiliano Zapata in the State of Veracruz, Mexico. Fruits from each batch were weighed and the anatomical parts of each of them, peel, pulp, stone, and seed, were removed in order to estimate the average percentage of each relative to the total mass of the fruit.
Chemical and proximal analyses of the peel, pulp and seed of mamey sapote
The peel, pulp and seed of the mamey were physically and chemically analyzed in terms of their contents in moisture, ash, crude fiber, proteins and fats by using the official analysis techniques (Horwitzs, 1995) . Lots of pulp and seed were studied in the two stages of development considered and characterized further into other relevant components. For the pulp, the stage of its physiological development was characterized through titratable acidity (by neutralization with an alkaline solution), reducing sugars and total sugars (with the Lane and Enyon method), pH (potentiometric method) and tannins (with the method of Folhin-Denis). The seeds were further analyzed for their tannin and cyanide contents (with the Folhin-Denis method and alkali titration) according to official analysis techniques (Horwitzs, 1995) .
Extraction and purifi cation of mamey sapote seed oil (MSSO)
The oil was extracted in a Soxhlet apparatus using hexane. The extraction was performed during periods of 6 hours from dehydrated and milled seeds (with about 15% humidity) until the samples were completely exhausted. The solvent was removed from the resulting micelle in a rotary laboratory (Büchi RE 111) at reduced pressure.
The lipid fraction was stored in a container protected from light under refrigerated conditions until processing and/or analysis.
The obtained oil was purified by an adaptation of the Wesson method (Mehlenbacher, 1970) . In this procedure, the oil was dissolved in petroleum ether (1:5 mass/volume) and 1 mL of a 14% potassium hydroxide solution was added to each gram of oil, with vigorous agitation; subsequently, 50% ethyl alcohol was added at 1:2.5 (mass/volume) based on the mass of oil, with agitation and then resting, until separation of the phases. The ether layer containing the neutral oil was processed to recover the purified oil. It was then stored under refrigeration (−5 °C) and protected from light until processing and/or analysis.
MSSO physicochemical properties
The refractive index, saponification value and iodine value of MSSO were measured using official analysis techniques (Horwitzs, 1995) .
Fatty acid pattern of MSSO
The oil was converted into the methyl esters corresponding to its fatty acids; then they were separated and analyzed through gas chromatography and mass spectroscopy in accordance with the methodologies described by Horwitzs (1995) ; Bannon et al. (1982) and Hendrikse et al. (1994) .
The boron trifluoride method (Horwitzs, 1995) was used for oil esterification.
The analysis of fatty acid methyl esters was carried out in a Hewlett Packard model 5890 series II gas chromatograph (Hewlett Packard Co., Palo Alto, CA, USA), coupled to a JEOL SX-102A mass spectrometer with an electron ionization detector. The system had an AT Silar capillary column (Alltech Associates, Inc., Deerfield, IL, USA) 30 m long and 0.32 mm internal diameter and 0.25 μm film thickness. A database that contains about 75 000 compounds supplemented with the internal standards of methyl ester fatty acids (Sigma) was used for the identification of compounds. Helium was used at a flow of 0.4 mL·min −1 and 38 kPa; the inlet temperature was 250 °C and the initial temperature of the oven was 100 °C. The temperature program was: 2 min at 100 °C and increments of 4 °C·min −1 till 180 °C was attained. The mass analyzer operated in a mass range of 10:450 m/z.
Dry fractionation of MSSO
MSSO fractionation was performed through a homogeneous crystallization by applying slow cooling and spontaneous nucleation (O'Brien, 1998; Timms, 2005) . The procedure included: a) MSSO heating to 90 °C for 10 min; b) controlled cooling for crystal nuclei formation in a circulation and refrigeration bath (Polyscience Model 911), for which the temperature was gradually reduced from 30 °C until the appearance of crystalline nuclei (26.5 and 23.8 °C); c) crystalline aggregates were allowed to grow over a sufficient time period at each temperature for the MSSO to form a sufficient solid fraction; d) the separation of the solid and liquid phases at the established temperatures was done in a Hettich (Tuttlingen, Germany) refrigerated centrifuge, model Universal 32R. The recovered fractions were placed in amber bottles and stored under refrigeration (−5 °C).
Thermal behavior of MSSO and its fractions
Melting and crystallization profi les
The melting and crystallization profiles of MSSO and its fractions were analyzed with a TA Instruments 910 and 2910 Differential Scanning Calorimeter (New Castle, DE USA), equipped with a thermal analysis data station (Thermal Analysis 2100). The purge gas was nitrogen at 20 mL·min To demonstrate the effect of thermal history and polymorphic effects, some samples of the fractions obtained were tempered prior to the DSC analysis by heating at 90 °C for 5 min and cooling to room temperature (between 22 and 24 °C); then they were held at that temperature for 24 hours and, finally stored for 15 days at 5 °C.
Fat solid-liquid relationships of MSSO and its fractions
The amount of solids in the oil samples in relation to the temperature was estimated on the basis of the calorimetric results obtained according to the method reported by Lambelet and Raemy (1983) and Menard and Sichina (2000) , for which equation (1) and the program Origin 8 (OriginLab, 2007) were used.
The partial areas of the thermograms were calculated and correlated with the percent of solids in the samples, considering that at −60 °C the oil samples were 100% solid. Samples of cocoa butter (CB) and mango seed fat (MSF) and binary mixtures of MSSO fractions with these natural fats were prepared for the analysis of their thermal behavior and consistencies through the calculation of their solid-liquid relationships. In each one of the cases, binary mixtures were prepared with the solid fractions recovered from MSSO at 0.25, 0.50,75 and 100% of participation in the blends.
RESULTS AND DISCUSSION
Morphology of the constituent parts of the immature and mature mamey fruits
The tender (immature) and mature fruits showed qualitative differences under observation. The immature fruit, for example, presented a dark-brown, hard and gritty epicarp like that of the ripe fruit, but not fully differentiated from the pulp (mesocarp), which was light-brown and greenish in color, with a characteristic odor and an astringent taste. The stone was not well shaped and had a light brown color. The seed of the tender mamey showed relatively defined tissues and the presence of a weak seed coat (integument) with a higher moisture content than the mature one.
The ripe sapote fruit presented a distinct shell of mesocarp. The pulp was orange-red in color with a characteristic taste and odor. It had a well-defined stone, dark brown in color with a white ventral line, and a well-defined seed showing the presence of integument; seed tissues were firmer than the immature ones, and it had a lower water content than that of the immature fruit.
Chemical composition of the mamey peel, pulp
and seed Table 1 presents the percentage based on the mass of the main constituents of P. sapota fruit in its immature and mature states. The traditionally non-edible portions accounted for about 30% of the total mass of the fruit; the peel was between 16.21 and 14.54%, the whole stone about 14%, and the seed inside of the stone was 10.07 and 8.83% of the whole of the unripe and ripe fruits, respectively. The average mass of mature fruits was slightly more than twice the weight of the immature sapotes.
The peel, morphologically well formed only in mature fruits, was composed mainly of crude fiber (81.32% db) and had lower contents of protein (6.48%), lipids (6.3%) and ash (3.89% db) ( Table 2) .
The edible portion, the pulp, showed high moisture contents and carbohydrates, with simple sugars in ripe fruits and polysaccharides in immature ones.
The results in Table 2 for the pulp portion show the effects of the biological and structural changes due to maturation: an increase in pH and simple sugars at the expense of the starchy fraction; a lower content of moisture, organic acids and phenolic compounds ( Table 2) .
The almond-like portion or sapote seed was richer in lipids than the peel portion, with high values even in the earlier stage of physiological maturity (28.31%). In mature fruits lipids represented an average of 44.41% (db), with pieces with close to 50% of oil having been found in the sapote seeds. This is remarkable if one takes into account that some important traditional sources of vegetable oils have similar or lower contents: 3.5-5% in corn, 18-20% in soybeans, 22-24% in cotton, and safflower and peanuts with 25-37% and 45-50% of oil, respectively. Other notable components in the seed were protein and crude fiber (Table 2) .
Physicochemical properties of MSSO
The purified MSSO had a refractive index of 1.463, a saponification value of 198 mg KOH/g and an iodine value of 60 gI 2 ·100 g −1 of oil.
Fatty acid composition of MSSO
The seed oil composition in immature and mature mamey is shown in Table 3 . This composition is relatively simple, with the main fatty acids being palmitic, stearic, oleic and linoleic (10.7, 26.5, 53 .5 and 5.6 g of FA·100 g −1 of oil, respectively, for immature fruits and 10.5, 28.6, 48.6, and 10.7 g of FA·100g −1 of oil, respectively, for mature ones). The ratio between saturated fatty acids (SFA) monounsaturated (MUFA) and polyunsaturated ones (PUFA) was 39.9, 48.6 and 10.7, respectively, for g·100 g −1 studied in mature fruits. These values are similar to those of some vegetable oils for industrial use such as palm oil, with the difference that, in the case of the mamey, stearic is its main saturated FA, similar to cocoa butter, one of the major industrial fats. However, in tropical zones at room temperature, sapote seed oil is a liquid and not a fat, due to the presence of high levels of oleic and linoleic acids in it. Figure 1 shows the crystallization and melting curves of MSSO. The thermal behavior in both phase changes is generally simple. The change from liquid to solid has a well-defined peak at −2.3 °C and another in shoulder form at −26.2 °C. The crystallization onset temperature occurs at 4.5 °C and this process extends over a range of 41.5 °C. The crystallization enthalpy was 32 J/g. The melting curve of the oil solidified by rapid cooling began at −35.2 °C and it presented three well-defined maximum peaks (−2.7, 13.1 and 34.4 °C) and a small shoulder (−31.4 °C); the process comprises a melting range of 73.2 °C with a melting enthalpy of 28.6 J/g (Table 4 ). Also, the thermal behavior of MSSO resembles that of palm oil (Tan and Che-Man, 2000) ; but the sapote oil has a broader melting range and that explains why this oil is liquid at ambient temperatures in tropical regions. The calorimetric analysis shows the existence of three groups of acylglyceride fractions with melting ranges at low, intermediate and high temperatures. This enables the attainment by fractionation of fats and oils with more specific thermal characteristics and phase behaviors, usable from the perspective of the extensive use of natural vegetable fats derived without the intervention of chemical processing and/or severe heating.
Thermal behavior for crystallization and melting of MSSO
MSSO dry fractionation and thermal behavior of its fractions
The dry fractionation of MSSO oil yielded two solid fractions and a residual liquid fraction (RLF). The first two were obtained at 26.5 and 23.8 °C (F1 and F2, respectively) and constituted 21.0 and 19.6%, respectively, of the total oil subject to fractionation. The RLF remained liquid at temperatures of 23.8 °C, representing about 59% of the processed MSSO. Figure 2 shows the melting curves of the fractions obtained by heating them (10 °C·min −1 ) after their solidification by rapid cooling till −60 °C (F1A, F2A and RLF), and the melting curves of the samples of these solid fractions after they were tempered (F1B and F2B). This last circumstance allowed for recording the effect of the polymorphism of the MSSO solid fractions.
The fractionation efficiency can be evaluated through the melting curves in terms of their different phase behavior, that is, between the RLF and the two solid fractions; however, it is possible to notice some similarities in the curves for the solid fractions. It is known that the process of dry fractionation requires the formation of large crystals to ensure efficient separation of the fractions. Said crystals however, forming larger clusters, trap some of the remaining liquid oil or olein, which, added to the conditions prevailing during the separations of the phases, may result in fractions of "light stearin" or low yields of the liquid fraction (O'Brien, 1998) .
The melting curves in Figure 2 show that RLF culminates by melting at 21 °C; the other fractions end up melting at 34.9 °C (F2A) and 39.5 °C (F1A). Molecular rearrangements favored by slow cooling Table 4 . of the fractions resulted in changes to more stable crystalline forms or polymorphs (β and β′) than α. As it is known, lipids (fatty acids, acylglycerides, and fats and oils) are meta-stable and exhibit polymorphism during processing and storage. Generally and most commonly they solidify in three forms, the α form being the polymorph with the lowest melting point (it is obtained by rapid cooling from after melting). The β′ polymorph, with a higher melting point than α, is generated under certain conditions of temperature or by a spontaneous transition from the α form. The β crystals are the most stable and are transitions of the above forms (Hagemann, 1988) . In regard to such transitions, the molecular mobility, stability and their relationships are critical aspects for controlling the quality of the fatty products that are elaborated with these materials (Roos, 1995; Solís-Fuentes et al., 2005) . The vast majority of phase transitions of lipids in foods, drugs and cosmetics associated with the behavior of processing, storage and use are established between the solid and liquid states and the different polymorphic forms of these materials (Roos, 1995; Sato, 1999) . Table 4 presents a comparison of the observable transition temperatures during the MSSO melting and its fractions. The stabilized fractions (F1B and F2B) exhibited higher end melting temperatures than their respective non-stabilized fractions (F1A and F2A), 44.8 and 49.0 °C, and 39.5 and 34.9 °C, respectively. Figure 3 presents the solid-liquid relationship profiles of MSSO (measured as the percentage of solids) and its non-stabilized and stabilized fractions. As it is known, the ratio between the solid and liquid phases in the fat determines its consistency (i.e. hardness or firmness characteristics). These profiles include the four temperature zones in the fluency of triacylglycerols; this indirectly allows us to appreciate the lubrication properties and the primary structure of fats and oils in food products, that is, at refrigeration temperature (10 °C), environmental temperature (21.1 °C), body temperature (36.3-37.8 °C) and of the preparation of fatty products (40 °C) (O'Brien, 1998) .
According to its phase behavior, as shown in Fig. 3 , the mamey seed contains an oil with the characteristics of a liquid fat because at 20 °C it has 6% solids; at 10 °C 25% and at 0 °C almost 50%. Except for MSSO (and RLF, which is not presented in Fig. 3 ) which has a solid profile that gives the oil a liquid consistency at ambient temperatures in tropical regions (20-22 °C) , all fractions showed solid consistency with a solid index >35%, which means that over a third of their acylglycerides in the solid-crystalline phase are suspended in less than two-thirds of liquid triglycerides at that temperature. This solid/liquid ratio decreases differently in these fats as the temperature rises and is minimized for all at around 40 °C (Fig. 3) .
The stabilized samples, with polymorphic effects, showed important shifts in their solid profiles towards higher temperatures.
The solid fractions of MSSO showed different degrees of plasticity than those required for the manufacture of confectionery products, bakery shortenings and frying fats. Figure 4 shows the solid profiles of blends of MSSO and its F2 solid fraction, with better known fats, such as cocoa butter (Theobroma cacao L., with a broad spectrum of industrial applications in the fields of food, pharmaceuticals and cosmetics), and mango seed fat (Mangifera indica, L., widely investigated in recent years; Solís-Fuentes and Durán Bazúa, 2004; Jahurul et al., 2014) .
Curve B shows the solids profile of tempered cocoa butter (CB) with its characteristic deep slope, a rapid decrease the percentage of solids at around human body temperature. This property is highly appreciated in the vast number of applications of this fat.
Curves C and D correspond to tempered mixtures whose weight contains 25% of the MSSO solid fraction (F2A), with 75% of CB in one case and 75% of mango seed fat (MSF) in the other, respectively. In both cases, a great similarity in the solids profile to that of the fat model CB is evident. In the first case, the approximation to the CB curve is very close, and represents the possibility of partial substitution with this fraction of MSSO in products that use CB as the fat ingredient. In the second case (curve D), it is shown that the mixture of two nonconventional natural fats such as MSF and the solid fraction of MSSO have a phase behavior close to that of CB.
CONCLUSIONS
P. sapota is a multi-purpose plant endemic to Mesoamerica and has been used since prehispanic times. Its fruit, prized for the characteristics of its flesh, has been used for domestic and artisanal purposes in the different cultures of America. Mamey sapote consumption generates waste of great potential as a source of raw materials for the production of different products that are currently being scientifically, technically and economically evaluated.
According to the results of this work, mameys contain about 30% of waste portions. In mature and immature fruit, the peel represents about 16% and the stone about 14% of the fruit. The kernel of the stone or seed is of great interest mainly for its lipid and protein composition. The seed has a high content of oil even in its earlier stages of physiological maturity. This oil has been appreciated and used in the producing regions in traditional medicine and cosmetic applications, but currently its commercial use is still incipient. In MSSO the oleic, stearic, palmitic and linoleic fatty acids are predominant, as occurs in many vegetable fats and oils from various origins, and, are widely used in the food industry. The thermal and phase behavior of this oil is relatively simple, with a broad melting range (73 °C) and three maximum melting temperature peaks at −2.7, 13.1 and 34.4 °C.
The dry fractionation of MSSO allowed for its separation into three fractions, two solid and one liquid at room temperature (about 22 °C). The solid fractions, with different thermal and phase behavior and solid-liquid relationships, had the physical characteristic of natural vegetable fats.
Once stabilized, the obtained solid fractions showed significant shifts in their solid percentage toward higher melting temperatures as an effect of the polymorphic transitions.
Mixtures of the solid fractions of MSSO with other natural fats, such as CB and MSF, showed their potential as fatty constituent in the design of substitutes or equivalents for fats of industrial interest such as CB.
